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Abstract 


A CAD tool for the synthesis of analog circuits from element level (say a 
transistor) to a macrocell (say an active filter) has been developed. A top- 
down knowledge intensive, hierarchically structured framework is adopted 
which demonstrates the feasibility of attacking tightly coupled analog design 
problems in a highly stylized, hierarchical fashion. Exploiting hierarchy per- 
mits the design process to be recast as a sequence of smaller design tasks, 
alternating between design style selection and translation, and permits the 
sub blocks to be reused in different contexts. A flattened view of the de- 
sign is not, however, lost sight of and some of the design tricks that jump 
across many levels of hierarchy are used. KANSYS synthesizes sized transis- 
tor .schematics for CMOS OPAMPs from performance and process specifica- 
tions. Detailed circuit simulation demonstrates that KANSYS is capable of 
synthe.siziug functional circuits. 
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INTRODUCTION 


While sophisticated CAD techniques have been developed to automate the design 
of digital circuitry, the progress towards automating the analog circuit design task 
started towards the end of the last decade. Analog circuitry is widely used in system 
applications such as telecommunications and robotics, where analog interfaces to an 
external environment are coupled with DSP systems. For a mixed analog digital 
ASIC design on which 90 percent of the devices are used in digital circuitry and 
only 10 percent of the devices are used in analog circuitry, analog circuit design task 
might well be the limiting factor in the overall design time. Because of the sensitive 
economic environment for ASIC designs, any delay is extremely expensive due to 
the I 0 .SS of potential sales. Therefore there is a strong economic need for improved 
CAD tools to support analog circuit design. 

The work of the human analog circuit designer can be arbitrarily divided into 
three phases: 

1. Creating analytical expressions(“equations”) for the behaviour of new circuit 
topologies and creating appropriately simplified device and circuit models. 

2. Using analytical expressions to guide the selection of both an appropriate 
combination of circuit topologies and a set of device parameters which together 
will cause the whole system to meet its performance specifications. 
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3. Designing the mask geometries from sized transistor level schematics. 

In this work, we try to attempt only phase 2 : using analytical expressions to 
develop sized transistor level schematics to meet performance specifications. 

Some ideas from digital design methodologies such as standard cell libraries and 
module generators have been applied to analog design task. However such techniques 
have several drawbacks e.g. libraries allow the designer to make only crude tradeoffs 
among performance specifications and they become obsolete rapidly in the face of 
technology evolution. 

In this work, the framework is knowledge intensive in that it relies heavily on the 
codification of mature analog design expertise. This knowledge is applied to hierar- 
chically designed circuits. However expert designers often apply design tricks that 
jump across many levels of hierarchy to achieve better performance. To incorporate 
some of these, a “flattened” view of the circuit is retained. Since the analytical 
expressions that we use are in most of the cases limited to first order effects, this 
approach in fact turns out to be necessary. 


OUTLINE OF THE THESIS 


Chapter 2 contrasts analog and digital domains of design, discusses equation 
based design strategy, and summarizes related research. 

Chapter 3 describes in detail the architecture and implementation of KAN- 
SYS(Kanpur ANalog SYnthesiS) synthesis framework. We describe methods to 
exploit analog design knowledge and consider how the analog design knowledge is 
codified within KANSYS. 

Chapter 4 considers a few design examples to illustrate our strategy. 

Chapter 5 presents the results - synthesized circuits for some sets of specifications 
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and the perfornriance evaluation. 

Chapter 6 presents some concluding remarks and the scope for future work. 



Chapter 2 

BACKGROUND 


The two approaches to tools for analog synthesis are bottom up layout based ap- 
proaches and top down knowledge based approaches [1]. Out of these, the first 
one shows the direct influence of digital ideas. Semi custom analog styles, such as 
transistor arrays and analog standard cells provide a rapid path to silicon for ana- 
log functions already designed to the level of the primitive devices available in the 
layout style. 

Transistor arrays provide the most design flexibility since they provide a small 
set of atomic primitives from which many circuits can be built. However the layout 
density is poor as compared to the standard cell approach. Standard cells, on the 
other hand, lack in design flexibility since the designer is restricted to the library 
of fixed circuit blocks. Both approaches constrain the circuit design itself: device 
parameters are not continuously variable because only a limited set of device/circuit 
types is available. Above all, the nature of the performance specifications of an 
analog block, quite different from that of a digital block, make storing suflScient 
designs to span a significant portion of the designable space impossible e.g. the 
operational amplifier design described takes 13 specifications (including both the 
performance and the process specifications) each of which is a continuous variable : 
thus the design space is thirteen dimensional. To simply make 3 values (low, medium 
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and high) available for each performance specification would require a library with 
almost 1.5 million operational amplifier designs. 

A higher level approach is the use of analog module generator. These fix some 
portions of circuit’s topology and parametrize the remainder into a limited number 
of devices. Regular structures, such as switched capacitor filters are particularly 
amenable to this approach. Some systems, such as AIDE2, use both approaches 
incorporating standard cells as subunits of a module generator. However these 
approaches still leave much to be desired : frequently most of the important design 
choices are fixed ; there may be many sets of reasonable design specifications which 
cannot be specified by the available parameter choices; the designer may only be 
permitted to make crude tradeoffs among performance specifications. 

A practical analog synthesis tool must deal with all these concerns ; i.e. un- 
like digital tools, it must handle performance parameters that constrain continuous 
qtiantities(i.e. voltages or currents) and it must adapt rapidly{ and automatically) 
to changes in the fabrication process. In order to achieve these goals, it is neces- 
sary to take an entirely different approach to generating a sized transistor schematic 
from performance specifications for analog circuit modules. This is essentially the 
top down, knowledge based approach which typically strives to transform specifica- 
tions to circuit schematics first and then attack layout. Analog circuits have actually 
provided a useful domain for testing many ideas about constraint propagation [2], 
causal models and qualitative reasoning. Some attempts, in the past, focussed more 
on rule based systems e.g. Bowman[3] describes a rule based system that assembles 
opamps from specialized components pieces, but it is not clear if this methodology 
can be used in other circuit synthesis tasks. The BLADES system[4] proposes a 
framework in which individual subcircuit experts are coupled by a design manager 
to build higher level circuits. BLADES does use some hierarchy, in the form of 
subcircuit experts, but does not suggest any mechanism by which such experts can 
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be coordinated to actually perform high level synthesis. 

Approaches to analog design using hierarchy as a strong organising principle 
began to appear around the end of the last decade. Among the first was IDAC[5] 
which provides a design style for several kinds of blocks e.g. opamps, voltage and 
current references etc. and can synthesize these circuits to meet user specifications. 
It uses some limited hierarchy and adopts a two phase synthesis process. First aji 
algorithmic design strategy is executed to size the devices in the fixed schematic ; this 
is a coarse design. If this design is deemed close enough to specifications, a second 
numerical optimization phase is performed to tune the final circuit. 0ASYS[6] does 
some limited numerical optimization and since it uses less of flat circuit details for 
tuning to correct failures. A lot of progressive iteration is done at each level of the 
design in each subblock of the design in OASYS. This adds to the CPU time in 
designing the circuit and makes the overall design costlier. 

The approach adopted in the present work is to retain the hierarchical design 
notion suggested in OASYS in that each sub-block of the design is capable of being 
designed separately and being reused as a part of a higher level circuit but some 
desigri tricks that can be used over various levels of hierarchy especially for the 
design of such blocks which are tightly bound to a particular topology are used. 
The use of such design knowledge obviates the need for repeated iterations as the 
design obtained is quite close to specifications after the first phase. This strategy 
thus reduces the cost of the design. 

Among the other related tools, 0PASYN[7] models the overall synthesis tasks as 
a large set of tightly coupled nonlinear equations and relies primarily on numerical 
techniques for solution. Our approach is similar to OPASYN in that a simple rule 
based style selection mechanism is adopted, but OPASYN adopts no hierarchy and 
no direct reusability of previously coded design knowledge. AN-COM [8], which 
appeared after OPASYN, somewhat resembles OASYS, in that it has a general 
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hierarchy search mechanisms to refine down this hierarchy and failure handling 
mechanisms. However it is unclear if AN-COM is capable of negotiating trade-offs 
iteratively, up and down the hierarchy to optimize performance. 

More recently, some new approaches for automated circuit sizing have been sug- 
gested, using a symbolic simulator, which automatically generates all characteristics 
in the analytical model of the circuit, in an optimization program[9]. Optimization 
time is strongly reduced by replacing the full numerical simulation at each iteration 
with an evaluation of the analytical model equations. However, the exponential 
growth of the number of terms with the circuit size in expanded symbolic expres- 
sions makes the evaluation of such expressions for automatic circuit sizing less effi- 
cient than a simple numerical simulation. Sensitivity rating algorithms, through the 
identification and extraction of those designable parameters which most affect cir- 
cuit performance, used in 0PASYN{7], have more recently been used for automated 
transistor sizing[10]. However, it is unclear whether a large population of aggressive 
designs could be completed using this approach. 



kvnsys analog 

SY ONTHESIS FRAMEWORK 

goal of KANSYS is to convert a behavioural circuit description into 
Sf'i"'!* » c structural description ; i.e. the inputs to the KANSYS synthesis frame- 
wiidAr -w circuit performance specifications and the output is a si2ed transistor level 

silini-vie ic. 

Jii;.. KANSYS is based upon analytical approximations that characterize the 
liiiii!. ■- mir of specific circuit topologies, the circuits designed by KANSYS may not 
iiri A I 1 of the performance specifications. This is not a significant drawback to 
lliiuj.j • roach for several reasons. First the designs produced by KANSYS can be 
(iiiilirt refined by using conventional circuit optimization tools[ll]. The prime goal 
is 111.}* «jiOse the best topology and to choose device sizes that are approximately 
(•ti!ir, t Secondly due to the wide variations in process parameters there are always 
viffiit!,. . *is in the performance of analog circuits. 

l!,r important requirements for a general framework for analog circuit design 
ail' 

I jj most provide a uniform structured view of synthesis. 

.) j most compartmentalize design knowledge, which facilitates the addition of 
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now knowledge and modification of existing knowledge. 

3. Design knowledge must be reusable : it should be acquired once and available 
everywhere. 

4. It must be easy to extend design knowledge : easy to add new knowledge and 
easy to modify existing knowledge. 

1 he key ideas that underlie the KANSYS framework are : 

1. Analog circuits do admit a hierarchical decomposition. 

2. For any circuit design there exists a group of known block level topologies, one 
of which may be selected. 

3. Equation based methods can be used to translate specifications from one level 
in the hierarchy to the lower level. 

3.1 Hierarchy 

Unlike digital circuits, analog circuits do not generally have a universally agreed 
tipon and unique hierarchical decomposition : e.g. some researchers view an opamp 
as made up of stage- 1 and stage-2 while others decompose the opamps into dif- 
ferential pairs, current mirrors etc. However hierarchical decomposition does play 
a very important role in the way human analog circuit designers attack the design 
task. 

Reliance on explicit hierarchy in analog circuit design has two advantages. First 
it permits the design process to be recast as a sequence of smaller design tasks 
alternating between design style selection and translation. Second, it provides a 
measure of generality, in that the subblocks can be reused in different contexts. In 
the analog domain, there is no single, accepted hierarchical structure agreed upon by 
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the community at large ; rather the best hierarchical decomposition for a particular 
analog circuit is part of the domain knowledge for the design of that circuit, i.e. it 
is derived from the expertise of the designer. 



Figure 3.1: Example of hierarchy in analog circuits 

A hierarchical representation makes the synthesis task more tractable, but it 
has di.sad vantages also. Optimizing the choice of sub-block performance is more 
difficult in a hierarchical structure than in a flat transistor level schematic e.g. the 
intermediate level shifter block in an opamp which depends on the dc biases to be 
present at the input and output is tightly bound to a particular parent style. A sec- 
ond potential drawback of a hierarchical structure is that it does not employ design 
tricks in which knowledge about choices made in one sub module influence choices 
made in another sub module. Expert circuit designers employ design tricks that 
jump across many levels of hierarchy to push circuits close to the limits of achiev- 
able performance. In this work, we have tried to compensate for this disadvantage 
by retaining a part of the design knowledge across many levels of hierarchy. However 
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this, in no way prevents the sub-blocks from being reused as a part of higher level 
design. The second problem is taken care of by a careful choice of hierarchy. 

3.2 Design style selection 

A design style is an interconnection of abstract blocks. Because of the hierarchical 
decomposition, design styles are topologies of connected blocks, not transistors ; 
i.e. choosing a design style is not choosing a transistor schematic. The KANSYS 
system relies on the existence of mature design styles at each level of hierarchy for 
the analog circuit modules to be designed. 



Performance spec. 
Process spec. 


Figure 3.2: Example of design style selection 

Typically at any level in the hierarchy, there are several design styles available 
to implement a particular function e.g. we have two design styles for a current 
mirror, standard current mirror and a cascoded current mirror. These different styles 
provide the same functional behaviour but offer different performance tradeoffs. 

At any point in the design process, we must design a block with some desired 
functional behaviour. In KANSYS, we first select one of the available design styles 
to pursue based on the necessary performance specifications. In addition since the 
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selected design styles might fail to meet our performance specifications, we must 
detect design styles that are incompatible with the specifications and — to the extent 
possible — rank the compatible ones . For example, if the design specifications for 
aji opamp requires differential outputs, then an opamp design style with only a 
single ended output is incompatible. 


3,3 Translation 


Having selected an interconnection of sub-blocks , the next step in the design process 
is the determination of performance specifications for each of the sub-blocks that 
make up the selected design style. We define this process as translation of the 
performance specifications at the block level into a set of performance specifications 
at the sub-block level. The translation process must guarantee that if sub-blocks 
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Deduce subblock specs. 


B specs. 


Figure 3.3: Example of translation of specifications 

with the chosen performance specifications are connected in the manner indicated 
in the design style, then the block will meet its performance specifications.(Fig 3.3) 
As an example of the process we consider the simple two stage opamp. This 
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opamp consists of fixed configurations of building blocks such as current mirrors, 
differential pairs, bias networks, loads, gain stage. The transistor sizing is done 
in two steps : first opamp performance specifications will be used to design the 
sub-blocks : second the specifications for each sub-block can be used to design the 
transistors that comprise each of the sub-blocks. It is important to recognize that 
“to design” in this translation process means “to produce performance specifica- 
tions for”. For example, the input specifications for an opamp are dc gain, slew 
rate, unity gain frequency, phase margin etc. For a two stage opamp design style 
selected, the translation process for the differential amplifier block involves the spec- 
ifications of the gain required of the differential amplifier(the other part of the gain 
being provided by the output buffer.), the unity gain frequency, the CMRR and 
the input transconductance of the differential pair. We should carefully note that 
for this choice of hierarchy, the input specifications for the differential amplifier, 
designed independently, would not include the input transconductance of the dif- 
ferential pair. This is a feature introduced to eliminate the problem in hierarchical 
design as discussed before(see section 3.1). 

Similarly the specifications for the gain stage involves the specifications of the 
gain required and the current value as fixed by the other parts of the circuit. These 
individual blocks have their own translation tasks to perform; they must translate 
the input specifications to width(W) and length(L) specifications for the MOS de- 
vices. When we reach this point in the sequence of translation steps, we axe done, 
since W & L specifications for each device constitute a finished sized design. 

KANSYS translation mechanism are most similar to the hierarchical planning 
mechanism suggested in Brown’s notion of routine design[12]. The important idea 
behind all these systems is that some design domains are characterised by the ex- 
istence of mature plans of attack for broad classes of problems. By organising the 
overall design task as levels of coarse to fine refinement i.e. by organising the prob- 
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lem hierarchically, we can bring those mature plans to bear on problems too complex 
to solve in a single refinement step. 

There are, however, some important differences in how KANSYS adapts planning 
ideas to handle hierarchical refinement for analog design. These differences center 
on the granularity of the individual design steps in each plan. In [12], the grain size 
appears to be fairly large. In contrast, analog design has an explicitly fine grained 
character. 

3.4 Completing the design 

A complete design consists of a hierarchical decomposition, and a set of design 
style selections and associated translations. We start by selecting a design style for 
the block, which consists of an interconnection of sub-blocks. We then translate 
block specifications into sub-block specifications. Thus for each sub-block we se- 
lect a design style for that sub-block, each of which consists of an interconnection 
of sub-sub-blocks. We then translate sub-block specifications into sub-sub-block 
specifications for each sub-sub-block. The process of selection and translation con- 
tinues till we reach primitive components at the element level ; e.g. transistors, 
C’s, R’s. Only at this bottom level does translation correspond to device sizing. 
Note that since the analog hierarchy is not strict (i.e. uniform in depth along each 
branch), the component level may be reached at different depths along different 
branches. 

The complete synthesis process is shown in the block diagram: 
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Figure 3.4: Block diagram of KANSYS framework 









Chapter 4 

A FEW DESIGN EXAMPLES 


KANSYS is capable of synthesizing the following circuits from user specifications: 

1. Bias circuits 

2. Level shifter 

3. Gain stage 

4. Current mirror 

5. Differential Amplifier 

6. Operational Amplifier 

7. Sample and hold 

8. Digital to Analog converter 

9. Filters - Low pass, High pass and Band pass 

The user is first required to enter the process specifications like the transconduc- 
tance factor kp, channel length modulation factor A and the threshold voltage Vr 
for both the nmos and pmos devices. The performance specifications are entered 
after that. However each of the specifications should be entered in a permissible 
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range which is for most of the cases, general enough to include all the practical 
behavioural specifications. We discuss the design examples of differential amplifier, 
operational amplifier, digital to analog converter and the Sample and Hold circuits 
to illustrate our design strategy. Out of these, two different topologies have been 
implemented for the differential amplifier and five different topologies for the opera- 
tional amplifier. Here topology means the connection of sub-blocks which may again 
be implemented in several different ways. So the actual number of flattened designs 
is larger in number. The output of KANSYS is in the form of sized transistor design 
in a SPICE file so that the circuit can be checked by immediate simulation. 

4.1 Differential Amplifier design 

We first present the simple differential amplifier design and then the more complex 
differential amplifier with cascode load design. 

The differential amplifier accepts three process specifications and six performance 
specifications if designed independently and seven performance specifications if it is 
being used as a sub-block in a higher level design. The following axe the performance 
specifications for the differential amplifier : 

1. The differential gain. Ad 

2. The Common mode rejection ratio, CMRR 

3. The unity gain frequency, UGF 

4. Current, U 

5. Capacitor load, Ct 


6. Power supply 
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The seventh performance specification, which is used when the differential am- 
plifier is being reused in a higher level design, is the input transconductance of the 
differential pair. 

The process specifications are the following : 

1 . The transconductance factor, kp 

2. The threshold voltage, Vr 

3. The channel length modulation factor, A 

The following steps are involved in the design of differential amplifier: 

1. Calculate the input transconductance factor Gmi, if not already specified, using 
the equation Ad = gmil^XI . If this is not consistent with the specifications 
of UGF and Cl according to the equation Qmi = t^oCc, we adjust the value 
of the current required. 

2. Using the above value of the transconductance determined, the aspect ratios 
of the input differential pair can be determined using the following relation 

Gr^i = 2yjk{l + A1/dS°)/!, ^ 2v^. 

taking into account only the first order effects. Here k — kp{WIL). Keeping 
the minimum feature size specification as the value for L, the width of the 
devices can be ascertained. 

3. The load transistors are the current mirror devices which should be matched 
to produce the desired characteristics. For this case the output resistance 
of the mirror is just the incremental drain resistance of the PMOS device 
which depends on the channel length modulation and the current. Since we 
should have both the PMOS devices also in saturation, we arbitrarily allow 



19 


a drop of |Vgs — Vrj ~ 0.5 (for 5v supply). Knowing the drop and the 

current through the devices, the sizes can be determined using the equation 

Id = K{WIL){Vgs-Vt?. 


VDD 



vss 

Figure 4.1: Simple differential amplifier topology 

4. Similarly the drop across the current source nmos device can be determined 
by assuming the same \Vgs - ^'rl drop. Knowing the drop across the current 
source we can determine the required bias voltage and design the appropriate 
bias circuit by specifying the bias voltage and current. 

\ Ve use the following expression for the CMRR to check whether the design is 
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consistent with the specifications. 

C Ai Rli ^{drfiidTnz/ 9ds9di)‘ 

Knowing the sizes of the devices we can calculate all the above parameters and hence 
the CM HR. If this satisfies the specification, then the design is good, otherwise the 
drop |Vg 5 — Vy\ can be adjusted for the current mirror and current source transistor 
to achieve the desired CMRR. 

Note that step 5 coi stitutes a simple form of fixed iteration; it always works in 
the range specified by KANSYS, as has been checked by extensive simulation. 

If however, the input specifications are such that the differential amplifier with 
cascode load is selected, then the following design strategy is adopted. 

The following steps are taken in the design of this differential amplifier. 

1. The input transconductance ^fnijlif not specified by a higher block) can be 
determined by the equation gmi = u>oCl. 

2. The aspect ratios and hence the sizes of the input transistors can be determined 
using the relation 

9mi — 2 

as before. 

3. The size of the current source transistor can be determined as before by as- 
suming the drop |Vfes ~ kj] ~ 0.5 (for 5v supply). Knowing the drop 

across the current source, we can determine the required bias voltage 

The bias voltage Vsiasi can also be fixed at some value in the same way and 
specifying the appropriate bias voltage and the current for the bias circuit, the 
bias circuit can be determined. 
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4. The composite load forms the cascode current mirror which is responsible for 
the high output resistance of the differential amplifier. The output resistance 
is determined by the following expression: 

^0 = lligdAfgmerde + gd2lgm8r<is)- 
Using the expression and the following assumptions: 


VDD 



vss 


Figure 4.2: Cascode differential amplifier topology 


iW/L)^ = {W/L)2 
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{WjLh = {WIL), 

{WID^ = {WID, 

{WfL)j = (H^/L)8 (matched transistor requirements) 

and also that \vg, — uj] drop for the transistor Mj and Mg is almost the same 
as Mg and thereby 


{W/L)j = {WfL)s/2 

the sizes of the transistors can be determined. 

It has been checked by detailed simulation that this strategy of design works 
well for all the values in the range specified. However the range of specifications 
allowed in this case is limited owing to two reasons : firstly a lot of assumptions 
have been followed in the design which may not be true for the values outside the 
range and secondly we have been unable to interface SPICE simulation inside the 
software owing to the absence of the command file which should be provided with 
the software. 

4.2 Operational Amplifier design 

Opamps were first chosen as the initial target for the KANSYS because they axe 
ubiquitous components in many system level designs and because they appear to 
be the first target of earlier synthesis approaches[3],[6],[7],[13]. KANSYS currently 
incorporates five basic topologies for the opamps. 

1. Simple two stage. 

2. Two stage with level shifter. 

3. High gain opamp with cascode load in the differential amplifier. 


4. Wideband folded cascode opamp. 
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5. Differential output opamp. 

Of these topologies, the high performance opamps, especially the high gain 
opamp, have been automated for limited ranges for reasons mentioned before (sec- 
tion 4.1). Even for these limited choices of design styles, the hierarchical decom- 
position of styles leads to several different transistor level opamp topologies, except 
for wideband folded cascode opamp and the differential output opamp which have 
been implemented on fixed topology scheme. 

We discuss here the design strategies of the 2"“^ and 3’’“^ schemes only. SPICE 
output files produced by KANSYS for different sets of performance specifications 
are presented, however, for all the schemes. 

The input specifications for the operational amplifier include, apart from the 
three process parameters, the following: 

1. The dc gain. Ad 

2. The unity gain frequency, UGF 

3. The slew rate, SR 

4. The phase margin, 4> 

5. The capacitive load, Ci, 

6. Common mode rejection ratio, CMRR 

7. Power supply 

8. Differential output requirement. 

Before going on to the selection of design styles for the opamps, we first translate 
the behavioural specifications to some of the circuit parameters using the following 
equations. 
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1. Current of the current source Ip = {SR) * cap. 

2. Input transconductance of the differential pair gmi = 

Now depending on the behvioural specifications and the above parameters, one 
of the five basic topologies is chosen. If scheme 2 is selected the following steps are 
executed: 

1 . The first step would require the translation process for the differential amplifier 
design. The differential gain required of the differential amplifier Ad\ can be 
calculated by using the equation 

Aix = gynil{2X* Ioj2) = gmi/{^*h) 

The other parameters required axe the CMRR, which is reduced by the same 
amount as A^i is from Aj, the unity gain frequency and the capacitor, which 
are kept the same, and the current value, which is as calculated before design 
style selection of the opamp. Thus a sub-block of the opamp is ready. 

2. For the design of the gain stage, the gain required Ad 2 is calculated as follows 

Adiidb) = Ad — Adi{db). However since the design of the gain stage is tightly 

coupled to the opamp specifications, the required value of current, lBia.ai Is 
obtained in two iterations. 

(a) The output transconductance is given by 

gmo^t = ([ton"V] + 

(b) The value of Isua is calculated from the equation : 

gmout = “^iBiaAVoS - VtI 

For the device to be in saturation, we allow the drop [Vos - Vt\ to be 0.5 
(for 5v supply) 
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(c) However to provide the gain Ad 2 , the transconductance should be greater 
than comp = 2 \lBia»Ad 7 - 

(d) We choose, therefore, the maximum of gm.ov.t a-iid comp and assign the 
value to gmout- If comp is much greater than Pmout the degradation in 
phcise margin would be large. 

(e) Isiai is now calculated from this value of gmout- 

The translation parameters for the design of the gain stage are now available 
and the gain stage block is now ready. 

3. For the design of the level shifter, the required parameters are the input dc 
bias level and the output dc bias level. We allow a drop of — Vj\ equal to 
0.5 for both the current mirror load transistor and the gain stage nmos device. 
The drain of the current mirror load Q 4 is held at the same voltage as the gate 
as and Q 4 (see Fig. 4.4) are matched. Thus both the input and output 
voltages are known. The current through the two devices is assumed to be the 
same as calculated before design style selection. Thus the sizing of the devices 
used in the level shifter can be done. 

4. Design of the compensation network 

(a) The compensation network is modelled as a resistor capacitor combina- 
tion, with the resistor being implemented by the channel resistance of a 
pmos device. For the zero, introduced by the compensation network, to 
cancel the pole Sp^ introduced by the output pmos device, the following 
expression must hold: 

~ l/l'^P2l^c "h ^l9m6 — 9m0- 

Since the transconductauce of the output pmos device is known, we can 
determine the value of Rc. 
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Figure 4.3: Block diagram of two stage opamp with level shifter 
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Figure 4.4: One of the implementations of the block diagram 
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(b) Since the value of Rg. is related to the device size by the relation 

l/R. = 2k^{W/L){\V„ - V^\ - IVtI) 

and since Vjg is at the same voltage as the drain of current mirror device, 
which has already been determined, the aspect ratio of the device and 
hence the sizes can be determined. The compensating capacitor value is 
taken as approximately the same as the load capacitor. 

5. Knowing the value of the bias voltage required, the required bias circuit can 
be designed. The current through the bias circuit is kept the same as that 
through the input pair of the differential amplifier. 

The opamp design is now complete. The block diagram of this particular design 
style and one of the possible designs are shown in figures 4.3 and 4.4 

If however scheme 3 is selected, the range of specifications for which the design 
has been automated is limited. The following steps are used in the translation and 
design plan execution. 

1 . Translation of specifications to the differential amplifier 

(a) From the already determined parameter gmii we can have a rough esti- 
mate of the gain required of the differential amplifier stage using the de- 
sign knowledge that the output resistance is of the order of 100Mfl( Adi = 
gmiRo ) 

(b) Among the other parameters, CMRR is reduced by the same factor as 
Adi is reduced from Ad, UGF and capacitor specifications remain the 
same and the current and g^i parameters are as determined before the 
design style selection of the opamp. 

The translation process for the differential amplifier over, it should be noted 
that since the specifications for the gain required of the differential amplifier 
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was based on a rough estimate of Rout — lOOMfi, it is necessary for it to 
be within the limits of achievable performance. The differential amplifier with 
cascode load generally provides gain between 70db and lOOdb and therefore 
the input gain specification for the differential amplifier is limited in this range, 

i.e. if by the equation = gmiRo, the gain goes out of range, it is restricted 
to end values. 

2. For the translation of parameters to the gain stage block, we follow the same 
procedure as detailed in the design of scheme 2. 

3. The required parameters for the design of level shifter block are the input 
and the output dc level. The input dc level is very hard to determine and 
we, therefore, use the simplifying assumption that the drops across both the 
pmos devices which form the composite loads in the differential amplifier are 
equal. The output dc level of the level shifter is however calculated by using 
the design of the output gain stage and the equation 

= h,(WILUVas - Vt?. 

Knowing {Wf L)p, the drop — Vt a-nd hence the output dc voltage of the 
level shifter can be determined. The current through the two devices is the 
same as calculated before design style selection. Thus the sizing of the devices 
in the level shifter can be done. 

4. The compensation network can be designed in the same manner as detailed in 
the design of two stage opamp with level shifter. 

5. The bias circuits are designed as a part of the differential block. Also a bias 
circuit is needed for the level shifter block which would be different from the 
bias circuit designed for the differential amplifier design. This bias circuit is 
designed as a part of the level shifter block. 
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One of the possible topologies for the opamp scheme 3 is as shown: 
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Figure 4.5: One implementation of opamp scheme 3 

The other schemes for the opamps like the wideband folded cascode opamp and 
especially the differential output opamp use limited hierarchy and more of flat circuit 
optimization techniques. This is not because of any shortcoming in our framework 
but because of the absence of well defined hierarchy as compared to the two stage or 
high gain opamp. Also some parts of the circuit, such as the bias chain in the fully 
differential opamp[18], are inseparably coupled with the flattened circuit. We do not 
discuss the designs of these schemes over here. However sized transistor schematic 
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synthesized by KANSYS are presented for a particular set of specifications for each 
of these schemes in chapter 5. 

4.3 Design of macrocells 

The macrocells designed are sample and hold, digital to analog converter and active 
filters. We discuss here the design of digital to analog converter and sample and 
hold circuit only. 

Digital to analog converter: 

'Fhe digital to analog converter consists of an opamp, a resistor ladder network and 
mos switches. The input specifications are the input bits. We consider the design 
of a 10 bit D to A converter. The following are the key steps in the design. 

1 . Here the translation of parameters to the opamp block is motivated by qual- 
itative considerations, i.e. the amplifier should have low input offset voltage 
as also the following features [17] 

(a) Sufficiently high open loop gain (~80db) 

(b) High slew rate and low settling time. 

(c) Single ended output. 

The design style selected is two stage opamp with level shifter primarily be- 
cause high slew rate is achievable and because of the low input offset voltage 
associated with it (<0.5mv). High gain opamp(scheme 3) would have been 
better choice for the low input offset voltage but then high slew rate has not 
been automated for this amplifier. 


2. Design of the switches 
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(a) The switch used for the D/A converter is single pole, double throw switch, 
(see Fig. 4.6) When the digital input is high, M\ is ON and the arm of 
the ladder S is connected to GND whereais when the input is low, pmos 
transistor M 2 is ON and the ladder arm is connected to Vrkf- 

The resistance of a transistor in linear region is given by 
I/Rd = ^p{^/L){Vos — Vt) for nmos device, and 
I/Rd = kp{W/ L)\Vos — Vr\ for pmos device. 

For = VsG =Av,Rd = 9661. 84/(W/Z-)p for fcp =60fiA/v^ 

and Vx = 1.2t;. 

Because of sensitivity to temperature and larger tolerance associated with 
larger value of channel resistance, which might well degrade the overail 
accuracy of D/A converter, a small value of channel resistance is required. 
However a small value will require large transistor size and hence larger 
chip area. Thus making a compromise between (W/L) and Rd, Rd is 
chosen to be around 500fi. 

(b) The aspect ratio of the nmos device is determined as 

(W/L) = l/{Rd t kp * (f/p, - Vt)). 

Since one end is at ground, V(5s = Vguppiy 

(c) The aspect ratio of the pmos device is determined by the same equation, 
except that v^g = Vref- 

3. The resistive network is a R-2R ladder. We choose R=10k to maintain suffi- 
ciently high input resistance of the opaxnp. Thus the arm resistance value R’ 
=2R-500=19500fl. 

The design for the D/A converter is now complete. The circuit of D/A converter 
is shown in figure 4.6. 
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Sample and Hold circuit 

The amplifier used in the Sample and Hold circuit should have the following features: 

1. Low input offset voltage. 

2. The amplifier should be designed for large phase margin. 

3. The amplifier should be designed for a closed loop gain of 10^ i.e. around 
SOdb. 



Figure 4.7: Block diagram of Sample and Hold circuit 

The following steps are taken in the design of the sample and hold circuit : 

1. Translation of specifications to the opamp:- Since a gain of around SOdb will 
do the job, high gain opamp(scheme 3) is not selected. But since the UGF 
required may vary over a large range, two possible design styles, schemes 2 
and 4, may be selected according to the capacitor and UGF value. 



35 


2. Design of the switches:- 

(a) The design of the switch Sz is the main consideration as it introduces a 
pole at Sp = ~1/RCh where R is the resistance of the switch and Ch 
the hold capacitor. Keeping the pole at slightly above the UGF of the 
opamp we have the following expression for R. 

R = 1/(2»(1.24)C«). 

Also the resistance of the mos transistor in linear region is given by 
l/R = kp{W/L){VGs - Vt) 

and hence the sizing of both nmos and pmos devices can be done. 



Figure 4.8: Implementation of the switch 

(b) Since switches Si & S 2 are not required to handle large currents, the 
(W/L) ratio of these transistors is kept at a minimum to improve the 
droop rate 

Hence {W/L)i = {W/L )2 = {W/L)z = {W/L)^ = 1 
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The design for the sample and hold circuit is now ready. Two possible implementa- 
tions at the transistor level are shown in Figs. 4.9 and 4.10. 
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Chapter 5 


EVALUATION OF 
PERFORMANCE 


From the input performance specifications, KANSYS produces a sized transistor 
level circuit schematic in the form of a SPICE file. This particular form of output 
has bt*en chosen for the ease of simulation for the user. Detailed circuit simulation 
for performance shows that the worst case design can be designed within an error of 
20%. However the error for the specifications which are the critical ones for circuit 
behaviour is limited to 10%. 

We coiisidcr sets of closely related specifications for demonstrating the design 
styli* selection and translation process in KANSYS for some of the circuits synthe- 
sized. A change in the input specifications can result not only in different sizing but 
in an entirely different topology as well. We present the sized transistor schematics 
and the SPICE files generated by KANSYS for each set of performance specifica- 
tions for some of the circuits which are the most useful in demonstrating the design 
style selection and translation process, as also the results in a tabular form. 

5.1 Bias Circuits 

Three basic topologies are designed for the Bias Circuits. The bias chain which 
provides biasing arrangement in the differential output operational amplifier is not 
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considered here as it is not reused in any other circuit and is specific to only 
scheme 5 of operational amplifier. 


Parameter 

Bias Circuit 1 

Bias circuit 2 

Bias Circuit 3 

Spec. 

Spice 

sim. 

Spec. 

Spice 

sim. 

Spec. 

Spice 

sim. 

Bias voltage(v) 

-3.5 

-3.48 

-0.5 

-0.6 

3.5 

3.47 

Current(^A) 

40 

48 

40 

33 

40 1 

46.7 


The sized transistor schematics for all the three schemes are shown in Figs. 5.1, 
5.2, 5.3. The SPICE files are present in the appendix. 


5.2 Level Shifter 

Two basic topologies are designed for the level shifter block. If the output voltage 
required is less than the input voltage, the first topology is chosen, else the second 
topology is chosen. 


Parameter 

Level shifter 1 

Level Shifter 2 || 

Spec. 

Spice sim. 

Spec. 

Spice sim. 

Input voltage(v) 

4 

4 

-l" 

-1 

Output voltage(v) 

1 ^ 

0.97 ^ 

3 ' 

2.985 

Current (/i A) 

40 

46.7 

40 

47.3 


The sized transistor schematics for both the schemes are shown in Figs. 5.4 and 
5.5. The SPICE files are present in the appendix. 






























5.3 Gain stage 

Only a single topology is considered for this case. 


Parameter 

Gain Stage 

Spec. 

Spice sim. 

Gain(db) 

25 

25.56 

Current(;xA) 

40 

51 

Capacitor(pF) 

20 

20 


The sized transistor schematic is shown in Fig. 5.6. 

5.4 Current mirror 

We do not discuss the results of current mirror as both the topologies are incorpo- 
rated in the two schemes for the differential amplifier. 

5.5 Differential Amplifier 

Two basic topologies are used in the form of interconnection of blocks. However 
more than two transistor level topologies are created as different bias circuits and 
current mirror load combinations are possible. 


Parameter 

Scheme 1 

Scheme 2 || 

Spec. 

Spice sim. 

Spec. 

Spice sim. 

Gain(db) 

45 

44.8 

80 

80.9 

CMRR(db) 

45 

50 1 

80 

90 

Capacitor (pF) 

20 1 

20 

1^ 

12 

Frequency(Mhz) 

2 

2.1 

2 

2 

Current(/iA) 

40 

52.5 

40 

37 







47 


VDD 



Figure 5.7: Sized simple differential amplifier 



vss 


Figure 5.8; Sized cascode differential amplifier 
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The sized transistor schematics are shown in Figs 5.7 and 5.8. 

.6 Operational Amplifier 

ve basic topologies are used in the form of interconnection of blocks. However 
any more transistor level topologies are possible because of the hierarchical de- 
unposition of design styles. High performance opamps, especiaJly scheme 3, have 
?en automated for limited ranges of values. Schemes 4 and 5 have limited hierarchy 
id therefore not many transistor level topologies are possible for these schemes, 
ive sets of closely related specifications are considered to illustrate the selection 
lechanism. 


Parameter 

Scheme 1 I 

Scheme 2 1 

Scheme 3 

Scheme 4 

Scheme 5 | 


Spec. 

Spice 

sim. 

Spec. 

Spice 

sim. 

Spec. 

Spice 

sim. 

Spec. 

Spice 

sim. 

Spec. 

Spice 

sim. 

Gain(db) 

75 

80.9 

75 

83.7 

no 

124 

80 

85.4 

80 

77.4 

CMRR(dbr_ 

“ 80 

87 1 

80 

90 1 

no 

130 

80 

92 

80 

84 

Slew rate(v7psj 
FVequencyfMhz) 
Capafitor(pF) 
Phase Margin(o) 


5.2 ' 

4 

5.2“^ 

4 

3.2 

4 

4.66 

3 

3.8 

■3 “ 

I 4 

3 1 

3.4 

3 

3.55 

4 

4.7 

3 

3.1 

15 

" "is 

15 

15 

12 

12 

15 

15 1 

20 

20 

■ 60 

78 

60 

84 

60 ^ 

67 

60 

90 

60 1 

90 


The sized transistor schematics are shown in Figs. 5.9 to 5.13. 


5.7 Sample and hold circuit 

The two topologies considered here are based on the different schemes used m the 
opamp. The schemes of the opamp that are used are Scheme 2 and Scheme 4 . 
Here since the only two specifications we consider are capacitance and unity gam 
frequency which are not in the form of requirements on performance, SPICE simula- 
tion results are not shown in the table. However using a sinusoidal input waveform 
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VDD 



Figure 5.9: Sized scheme 1 
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Figure 5.10: Sized scheme 2 
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VDD 



Figure 5.11: Sized scheme 3 
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iind piTiodic sampling pulse, we verify by detailed simulation that the circuit 
arts as a good sample and hold circuit. 


Parameter 

S &: H circuit 1 

S & H circuit 2 

Specifications 

Specifications 

Capacitor(pF) 

20 

20 

Frequenfy(Mhz) 

4 

3 


I’he sized transistor schematics are not shown as a large part of the circuit is 
rominon with the opanip. The SPICE files are however present in the appendix. 

5.8 Digital to Analog converter 

The design of Digital to Analog converter takes as performance specifications the 
input bits only. It is implemented on a fixed topology scheme. Detailed simulation 
shows that output analog voltage is produced to an accuracy of 2mv which is less 
than the i.SB which is ~8mv. 

I'he sized transistor schematic is not shown as a large part of the circuit is 
conimo.. wilh the opamp. The SPICE file is however present in the appendix. 

5.9 Preparation of IC layout:- 

.NELSIS IC design systeraPO] can be nsed tor the preparation ot IC layout of the 
synthesized circuits. Parasitic capacitance extraction from the layouts and subse- 
quent simulation by SPICE (as NELSIS does not support analog circuit simulation) 
can be done to verify the correctness ot the design. We present here an example 
case for opamp scheme 1 with the following set of user specifications: 

1. Low frequency gain, Ao - 

2. Unity gain frequency, fo = 
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:i Sifw rat«*. SK = 5v//is 

4. C'lmuiK^n ino{i<> rejection ratio, CMRR = 80db 

5. l’ha,s€« Margin, <pM =60“ 

6. l/md impedance, C| = lOpf 

»nti the ftiHowing process specifications: 

1 , Tr«..,co,.a,.cl«„cotartor = 30,.A/»= for NMOS device, end 12M/v’ ^ PMOS 
device. 

a. Thr..,l,old volLge Vr = 1.2v for NMOS devices and -Iv for PMOS devices. 

:i (’hannel length modulation, A = O.OSv"^ 

The Uvou. prepared using the layout editor “Xdali” of the IC design syst^ 
...d the SPICE file -OPAMP CRCOIT 1”. prepaid ofter adding the par^-trc 
e.,..ei.a..ce» are attached. Simulation shows that for the circuit synthes.^, , - 
Tfi a.fidh. /. . 2.55Mha, SR = 5.ev/ps. CMRR = 8Bdh. = T8-. C, =10pf. Also 

,y.,e,n..ic offset voltage is 1.38/10™“'” = 0.2mv. KANSYSfor 

This dernoustrales the feasibility of the circuits syn.hesmed usrng KANSYS 
the actual fabrication of IC’s. 
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OPAMP CIRCUIT 1 

•simple fvi .0 stage with parasitic capacitances extracted from layout 

MO 3 211 mod! w 27ul 5u 

Ml 54 33modl w--33ul=5u 

M2 6 7 33modl w -33ufr5u 

M3 5 5 88mod2w-33uh5u 

M4 6 5 88mod2w-“33u!-5u 

M5 8 0 22modl w 5ul-33u 

M6 2 2 1 1 modi wM3uI =5u 

M7 106 8 8mod2w-157ul=5u 

M8 10 21 Imodl w--63ul=5u 

M9,6 1 9 9 mod2 w -Su l"5u 

vdd 8 0 5 

\ss01 5 

ell 10 0 10.87p 

cc 9 10 lO.OOp 

•parasitic capacitances as obtained front IC layout 

cl 1 0 0.722p 

c2 3 0 0.559p 

c3 4 0 0.005p 

c4 7 0 O.OOSp 

c$500.348p 

c660 0.4p 

c7 2 00.163p 

c8 801.16p 

.mode! modi nmos(vto=1.20,lambda=0.03,kp=60u) 

.model mod2 pmos(vto^*1.004ambda=0.03,kp=24u) 

el0470i 

vl 7 0 ic 0.5 

♦♦v2 4 0 pvvl(0 0 lOOns 0 100ns 5 600ns 5) 

.ac dee 10 1 lOmeg 
••.Iran Ins 0.6us 
•*.op 
.end 
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Chapter 6 


CONCLUSION AND SCOPE 
FOR FUTURE WORK 


A friinu*wi>rk to support behaviour to structure synthesis for analog circuits has 
ln't'ii iniplrineated. The synthesis starts from a set of system level specifications. 
K.ANSYS wlect.s the most promising circuit in its database based on the design 
ri’quiremeiits implied by the specifications. Implementation of mechanisms for man- 
aging the hierarchy (together with some design knowledge of the flattened circuit), 
th<‘ rle.nign .style seltTtion and translation have been described. Detailed circuit sim- 
ulatirm using SPICE and parasilics extraction from IC layouts using NELSIS shows 
that KANH\'S produces practical circuit configurations for actual IC fabrication. 
Using the framework, the entire synthesis process is very fast and the program can 
be used by system engineers who are inexperienced in circuit design. They simply 
specify their design requirements and in a few seconds, with no further interactive 
details being asked, the system offers one or more of the designs that meet functional 

specifications., except for the most stringent designs. 

KANSYS has been written in ANSI C and is compatible with UNDC version 9.0. 
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SUGGESTION FOR FUTURE WORK 

I h<* friitiK’Wurk dj’scrihcd hero can be extended to a silicon compilation system which 
Mipjiutls till' aut<unat<*d translation of behavioural specifications to IC masks. Also 
st antlard tools for layout of analog cells can be used which take KANSYS synthesized 
( ir« uits and automatically reduce them to masks. 

t'urrriitly since KANSYS supports the synthesis of analog circuits upto the level 
<»f a marroceli, it can be upgraded for the synthesis of a system or a macromodule. 
.'\nu*ng the other possibilities, which require only slight modification, are (i) To 
interface KANSYS with some numerical optimization tool to further fine tune the 
device si/es hiisetl on specific goals, say performance enhancement. One such tool 
is I)Kl.K5HT.Sl»l('E{nl. (ii) To interface KANSYS with NELSIS to produce IC 
laytnrts automatically, using the Idmc language provided with NELSIS. 
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Bias circuit 1 

wo 3 02 2 modi w -5u 1- 20u 
M! 2 2 1 1 modi w 74ul--5u 
v<W 3 0 5 
v$$ 0 1 5 

iiuxiel mtxll nmos^\1o=l 20Jambda=O 03Jq)=60u) 
mode! modi pmosfrto— 1 .004ambda=0.03J^24u) 
op 
end 


Bias circuit 2 

MO 3 3 4 4 niod2 vr- 5Pu 1- 5u 
Ml 3 32 2modl w 5ul-59u 
M2 2 2 n mcsdl w 5ul-41u 
vdd40 5 
vss 0 1 5 

model modi nmos(vto’=l 20>mbda=0.03,kp=<0u) 
model mod2 proos(\1o=-l .004anibda=0.03,kp=24u) 
op 
end 


Bias circuit 3 

MO 3 3 4 4 mod2 w>-67u !*5u 
M I 2 2 3 3 rooda w« 1 7u l«5u 

M22 2 1 !modlw^lul«105u 
vdd405 

0 I 5 

mckld modi nmostvto=1.204ambda=K).03,}qp=^^ 

model mod2 pnios(vto=-1.004ainbda==0.03,lqp=24u) 

op 

end 



I^vel shifter 1 

•»nlh output dc voltage less than input dc voltage 

MO 5 4 3 3 modi v 5u !=12u 

Ml 3 2 I ! mod! w- 5ul i8du 

M2 2 2 5 5 mod2 w 5u !=^14u 

M3 6 6 2 2 mod2 w=! 7u l=5u 

M4 6 6 1 1 modi w~5u l=29u 

vdd 5 0 5 

VS& 0 1 5 

mtviclmodl iOTos(vto=1.20Jtobda==0.034!p==60u) 
model niod2 prnos<vto=-l .00jambda=0.03ip=24u) 
vm40400 
op 
end 


l4r%el Shifter 2 

•wjth output dc voltage more than iiqjut dc voltage 

MO 3 4 5 5 mod2 w=67u l=5u 

Ml 1 2 33mod2 v-&il=I4u 

M2 4 4 5 5 mod2 w=67u l=5u 

M3 6 d 4 4 mod2 w=-17u l=5u 

M46 6 1 1 modi w=5ul=I05u 

vdd 50 5 

vss 0 15 

model modi iunos(vto-1.20Jtaibda==<).03,lq)==dOu) 
model mod2 pmos(vto>^l .004ambda=0.03,kp=24u) 
vm20-l00 
op 
end 



DilTerential Amplifier 

*wfh sunpk cunent minor 
W0 2 188mod!’sr-27ui=5u 
W I 4 5 2 2 modi w 95u l=5u 
M2 ft 5 2 2 modi w^Su }=5u 
M3 4 4 7 7 mod2 w=33u l=5u 
M4 6 4 7 7 mod2 w.“33u l=5u 
M5 7 0 I ! modi w=5u l=33u 
Mftl 188 modi w=13ul=5u 
vdd70 5 
m08 5 
cUftOlOOOp 

mode! mod! !OTO5(vto=1.20Jbmbda=K).03;kp==^ 

mode! m(>d2 prnos(vto-'-l 00,kmbda===0.03jq)=24u) 

e! 0350 1 

vl 50ac05 

ftc dec 10 1 lOmeg 

citd 


Differential Amplifier 

• wth csttscode l<»d in the differential stage 
MO 2 112 12 modi w=27ul=5u 
M 1 5 3 2 2 modi w=47u l=5u 
M2 6 4 2 2 modi ww47u l*5u 
M3«JI0n !lmod2w=dul=5u 
M4 10 10 11 1 1 mod2 w l=5u 
M5 7 7 9 9 mod2 l“5u 
Mft 8 *' 10 10 mod2 l*5u 
M'’7l4 55modlw*13ul-5u 
MK 8 14 6 6 modi w=13ul=5u 
M*^ 13 13 1 11 1 mod2 w=30u l-=5u 
MIO 13 13 1 I modi w=5ul=344u 
Min 1 12 !2modlw=Bul=5u 
M12 14 14 11 11 mod2w=5ul=37u 
Ml 3 1 5 1 5 14 14 mod2 w=8u l=5u 
M14151512 12 modi w=5ul=40u 
vddllOS 
vf* 012 5 
dl 8012.00P 

.model modi iunos(vtc>=1.204antbda===0.03^-p==60u) 

model mod2 pmos(vto=^l .004ambda=0.03J;i>=24u) 

e!03401 

Vi 4Oac0.5 

acdec 10 I \Omeg 

.end 



ORAMP CIRCUIT 1 

•jiiniplc two StdgC 

M03: 1 I modlw-40ul=5u 

Ml 5 4!''’imod! w=lUul-5u 

M2 6 7 3 3 modi 1 1 iu l=5u 

M3 5 588mod2w-50ul=5u 

M4 0 5 88mod2w--50ul=5u 

M580 2 2modlw=5ul-22u 

Md 2 2 1 1 modi w^20ul=5u 

M" 10 1> 8 8 mod2 w'-353u I=5u 

M8 102 11 modi w*14Iul=3u 

M»<»109mod2w-12uH5u 

vdd8 0 5 

vss 0 1 5 

dl 100 15 00P 

cc'ilOlSOOp 

model modi nmostvto”! 20,lambda=4).03Jkp=60u) 
model mod* pmoslvto**-! .004ambda=0.03^24u) 
d04:0l 
vl 7 One 0.5 
ac dec 10 1 lOmeg 
end 



OPAMP CIRCUIT 2 

* 1 « i' utlh Icve! shiftei 

MC?: 1 InuxJl* 40ul-5u 
Ml '4 ^iiiodl w^llluhSu 
M2 1> " 3 JfiKxIl w-lllul“5u 
M> 5 5 8 K mod2 w-^SChi l^Su 
M4 0 5 8 8 nu>d2 w -50u l=5u 
M'^'>'3 8 8mod2w-44u}-5u 
Mo 9 «» 2 2 modi w- 5ul-148u 
M" 2 2 I 1 modi w 20u l=-5« 

MH 12 688 nwd2w I77u!*5u 
M** 12 10 I 1 nH>dl w 7iul“5u 
MlOft I 11 11 mod2»-’ i2ul-5u 
MU 8 6 10 lOmcxll W‘ 5ul'59u 
MI2 102I Imodl w-53ul^5u 
ViMK0 5 
VSA 0 1 5 
dl I201500p 
CK 11 12 ISOOp 

model modi nmos(Mo‘=1.20^b(k==0.033q)===60u) 

model mod2 pmos(vtCF-l 00jtojbda=0.034q>=24u) 

el04'01 

vl-0«:05 

»c de« 10 I IChnqp: 

end 



OPAMPCIRCUiT3 

With vasw'xk k>»d ui differential amplifier 
Siy : I 12 Umixll w ?2ul-5u 
Ml ^ 3 2 2 itKxil w 8'hi f' 5u 
M2 6 4 2 2 nK^dl » -gou l'"5u 
M?o 10 nil nu»d2w,-55ul"‘iu 
M4 10 10 I n 1 imHl2 »■' 55u 1 5u 
M3"''3«ro.>d:w.- 55ul-5u 
M6 8 ■* 10 10 tmx)2 w 55u 
M"* ”14 5^ modi »■ !6u 1 »5u 
M8 8 14 6 6 modi w 16u ! 5u 
M*il313n llni«12w 3<>ul-5u 
M1013 13 1 1 modi w 5u 1 286u 
Mil 11 12 l2modl m-noui 5u 
Mi: 14 14 11 llmod2w'5u!-31u 
Ml3lM3 14i4mod2w lOu! 5u 
Ml4l5 13!2i2modlw-5u!-33u 
Ml^ 12818 18nKxi2wol6!ul-5u 
Mlo 18 1? 11 llmod2w-80ul=5u 
Mr r r ll llmod2»'~-40ul=5u 
M18 16 l6 r rmod2 w=10ul=5u 
Ml® l6 16 12 12 modi W'5ul-176u 
M:0 20 18 1 1 1 1 mod2 w-200u l^^Su 
M2l 20 I 12 12modlw «)ul-5u 
M22 8 i: I0l0mod2w Sul'-Su 
v<Jd 1 1 0 ' 
vsaO 12 ' 
til 200 12 OC^ 

Cil«20i:00p 

nHMklmt'dl ia«iHtvt» ‘l 20,!«nibd8*>0.034qp==60u) 
model mod: pmu$(\%> -1 OOJambda^O 03Jkp="24u) 
C10340! 

U 4 0 He 0 5 
»c dec 10 1 lOnieg 
end 



OPAMP CIRCUIT 4 

•WiilflT*ni! c«sc<.xk* cunm opamp 
MO : ; K K iiHKi: % ■su i wu 
Ml 2;n in.MI w .»0ul 5u 
M:‘>‘»n i!hhii« sui^iBu 
M'«'3 8>«riuxl2w lOOul-5u 
M4 10101 1 imxllw 5ul !16u 
M'10108«m»xi:w'20ul-5u 
M^M.■«Xm.x^l w 10*'ul 5u 
M*'«KKim'd:w lOOul 5u 
MR^:n m.Mlw 40ul~5u 
M‘’^ ' w-l«-’ul'5u 

MIO I! 10''«u«d2w 50ul 5u 
Mil ft‘iRKim«d2w 100uJ*5u 
M12 n M I I ituxll w 'k»uh5u 
MH U H nnimxll w 56ul’5u 
MI4 i: lOt'OnuyJ’w-SOui 5u 
Ml' 14 U 1 1 mtxll »■ 56 u!' 5u 
M lo 12 II MHnux!! W'5oul'5u 
vddKO' 
vwO 1 

d! 12 01'00i> 

mixlclnuHil tumwlvio 1 204a(«bda>0034!|>‘=<>0u) 
nndkl mf'd2 prmnK vto *- 1 O0Jambda'"O 03J^24u) 
d 04*'0l 
vl 'OihO' 

Hi »kv 10 1 lOiiien 
etiil 



OPAMP CIRCUIT 5 

•J if' rrn'14' iniH’tii vftun 
M,' 4 ^ % Ii'ul 5u 

VU ^ > rmHl 1 w H'u I -^u 

M; ‘Mu 11 11 «u! 5u 

M^‘MM1 II mudJw 8uS 5u 
M4 lOOuI 5u 

M't'KOOnuKilw 100«i‘5u 
Mnl0 12'5miid:wMul 5u 
%t" 1 1 1 2 ^ 6 «kkJ2 « 5u I 5u 
MK lOUlM'nHi4l %■ 20u! 5u 
n N le ionhidl w 20ul*5u 
MIO l'2 n miidl w 20ul 
Mil l^: n hhaIIw 20ul 5u 
MU >2 I I rthidl w 40uh5u 
MM roll II «H»d2w «ul”5u 
MI48K r rmodSw-lOOul 5u 
MM l2 I288mud2w-ithil‘*5u 
MM 14 14 2 2n>odl w MOu^ Su 
Mr 2 2 I I ntadl w 4(hjl-5u 
MIS 12 12 l4l4mo<il wMiuMSu 
vi«ll05 
0 I 5 

dl I0 0 2000p 
d2 M 0 2000J) 

WHHkl iwxlt nm«i|vic» •! 204trol>da-« 03jcp’«0u) 
nhAicI m«d2 pnKW(«i> -1 0048mbda»<).03Jkp''‘24u) 
cl 04 '0 I 
vl '0»c05 
w, dcv 10 I lOrtiCK 
ctui 



Kamplc and hold circuit 

•with mKlehiMid f(>l(ied cascode ojjHmp 
M0 2 2 88nuHi;w 5ui ROu 
Ml 22 n m(xl!w-2:ul 5u 
Imodlw 5ul 200U 
M ? * 9 8 8 mod2 w-m67u l»^5u 
M4 10101 I miidlw 5u i a73u 
M' 10 I0 88mod2w-12uh5u 
M«> 5 4 3 3 mod 1 w 526u 1= 5u 
Kr59 8Rm.>d:w^7ul-Su 
M83 2 llmodlw 27ul»5u 
M'J 0 ? 3 3 mod! w '526u !- 5u 
M 10 1 1 10 5 5 nt(>d2 w^33u l=5u 
Mil 6«8 8nii^2w dTul 5u 
M12 13141 Imodl w-3'ul-5u 
M13 1! II 13l3modl w^37ul=5u 
M 1 4 1 2 10 6 6 fnod2 W‘*33u l"5u 
M15 14 14 1 I mod! w«37ul*5u 
MlO 12 1114 14 modi »r»37u!-5u 
MP’rid 16mod2 w-5uMu 
M18 16 18 7 7 modi w=5ul*5u 
MI? 1917 7 7 modi vr-Su l=5u 
M20 7 18 19 19 mod2 w-5u I'^Su 
M21 12171919mod2w=13ul=5u 
M22 19 18 12 12 modi w=33u l*5u 
vdd805 
vssO I 5 
d! 14 02000P 

model modi rutio$Cvto*‘1.20JUmbda=<>.03Jlqp^^ 
mode! mod2 pmos(vto«-l .00,lambda»>0 03,^24u) 
v!4I20 

VHi 16 0 sai40 5 250Wi2) 

vcBib 17 0dcOpuL«wl-552usOOI5.5us 17.5us) 

e!018l701 

tnm IQns30us 

end 



Sample and hold circuit 

•with tw’o stageflevel shiAer included) opamp 

M032 1 lmodlw=27ul=5u 

M 1 5 4 3 3 modi w-206u !=5u 

M2 6 7 3 3 modi w-296u l-5u 

M3 5 5 88 mod2 w-33u I=5u 

M4 6 5 8 8 niod2 w=33u i=5u 

M5 9 9 8 8 mod2 w=30u l=5u 

M6 9 0 2 2 modi w=5u l=222u 

M72 2 1 Imodl w=^13ul=5u 

M8 !2 6 8 8 mod2 w=236u l=5u 

M9 12 10 1 1 modi w=94ul=5u 

M106 1 11 11 inod2w-16ui=5u 

Mil 8 6 10 10 modi wr-5u l=59u 

M12 102 n modi w=53ul=5u 

M13 7 14 13 13mod2 w-5ul=5u 

M 1 4 1 3 1 5 7 7 mod 1 w=5u l=5u 

M 1 5 16 14 7 7 modi w=5u l=5u 

M167 15 16 16mod2 w=5ul=5u 

M17 12 14 16 16 mod2 w=10ul=5u 

M18 16 15 12 12 modi w=25ul=5u 

vdd805 

vss 0 1 5 

cll 16 0 20.00? 

cell i2 20.00p 

.model modi nmos(vto=1.204ambda=0.034(p=60u) 
.model mod2 pmos(v1o=^1.004ambda=0.03J^24Tj) 
V14120 

vin 13 0 sin(0 5 250khz) 

vcDcb 14 0 dc 0 pulse(-5 5 2us 0 0 15.5us 17.5us) 

el 015 1401 

.Iran l(hts 30us 

.end 



Diptal to Analog converter 


•with two stage opamp with level shifter 
MO 3 2 1 1 modi w^27u 1= 5u 
M 1 5 4 3 3 mod I w- 33u l=5u 
M2 6 7 3 3 modi w^33u l=5u 
M3 5 588 mod2 w-- 33u l=5u 
M46 588mod2w'33ul=5u 
MS 9 9 8 8 mod2 w=30u 1- 5u 
M6 9 0 2 2 modi w=5u l=222u 
M72 2 1 ! modi w=13ul=5u 
M8 1 2 6 8 8 mod2 w=79u l=5u 
M912101 I modi w=31ul=5u 
MIO 6 1 11 11 mod2 w=5u l=5u 
Ml 1 8 6 10 10 modi w=5u l=89u 
M12 102 1 1 modi w=35ul=5u 
vdd 80 5 
vssO 1 5 
dl 120 lOOOp 
cc 11 12 lO.OOp 

model mod! nmos(vto“1.204ambda-^.03Jkp“60u) 

model mod2 pmos(vto— 1.004ambda=0,03J^24u) 

V0 36 0 5 

vl 37 0 5 

V2 38 0 5 

V3 39 0 5 

V4 40 0 5 

v5 41 0 5 

V6 42 0 5 

V7 4305 

V8 44 0 5 

V9 4505 

R071710k 

R1 17 18 10k 

R2 18 19 10k 

R3 1920 10k 

R42021 10k 

R521 2210k 

R622 2310k 

R7 23 24 10k 

R82425 iOk 

R9 25 0 20k 

R1072619.ac 

Rll 1727 19.5k 

R12 18 2819.5k 

R13 19 29 19.5k 

R14 20 30 19.5k 

R1521 31 19.5k 

R16 22 32 19.5k 

R17 23 33 19.5k 

R18 24 34 19.5k 

R19 25 35 19.5k 

R20 16 420k 

iai 4i2 5ok 


.subckt switch 1 2 3 


MI 12 00 modi w=44ii !=5u 


X40 1 O -5 *2 1=^’' 

mx 1 X ^ ^ iiiuux w—i j»7a i-—. 



ends 

XO 26 36 16 switch 
XI 27 37 16 switch 
X2 28 38 16 switch 
X3 26 39 16 switch 
X4 30 40 16 switch 
X5 3! 41 16 switch 
X6 32 42 16 switch 
X7 33 43 16 switch 
X8 34 44 16 switch 
X9 35 45 16 switch 
vtef 16 0 4.0 
op 
end 



119368 




